We have assed whether retinoic acid
were used to identify regions of RA-mediated gene activation. There are distinct dom of lacZ expression in the cervical and lumbar spinal cords of embryonic indicator mice. This pattern might reflect localized RA sources or restricted spatial and temporal expression of RA receptors, binding proteins, or other factors. To resolve this issue we compared the pattern of transgene activation in indicator cell monolayers cocultured with normal embryonic spinal cords with that in transgenic spinal cords. The explants induced reporter gene expression in L-C2As monolayers in a pattern identical to that in transgenic mice: alar regions ofthe cervical and lumbar cord were positive whereas those in the thoracic and sacral regions were not. We condude that restricted sources of RA in the developing spinal cord mediate the local activation of RA-inducible genes. Thus, region-specific gene activation in embryos can be mediated by precisely locaized sources of inductive molecules like RA.
Retinoic acid (RA) has been suggested as a key regulator of gene expression, morphogenesis, and growth in vertebrate embryos. A quantitative balance must be maintained during development since deficiency or excess produces teratogenic effects (1, 2) . Little is known about the spatial distribution of RA in embryos; therefore it is difficult to evaluate the ability of RA to mediate spatially discrete events in pattern formation. To resolve this issue, one would ideally like to identify endogenous sources of RA in developing embryos as well as the normally responsive cell populations.
The limitations of biochemical detection of RA make these measurements in small bits of embryonic tissue a daunting task (3, 4) . Molecular methods and transgenic technology can facilitate the mapping ofRA and RA receptors (RARs) during development (5, 6) . We (7) and others (8-10) have described transgenic mice carrying lacZ reporter genes whose transcription is regulated by RA response elements (RAREs). Although these mice give some idea of the spatial and temporal patterns of RA-receptor interactions, the complexity of the receptor families (see refs. 11 and 12 for reviews) and the choice between ligands (13) (14) (15) suggest that the RARE might be activated by a variety of receptor-ligand complexes (15) . Nonetheless, there is a distinct temporal and
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spatial distribution of lacZ activity along the anteriorposterior axis in RA detector transgenic mice. Initially, embryonic day 9-11 (E9-E11) transgene activity is distributed throughout the anterior-posterior axis ofthe spinal cord. By E12.5, however, expression is restricted to only two areas, the cervical and lumbar regions (7, 8, 10) . The thoracic and sacral regions are devoid of lacZ expression. Surprisingly, in situ hybridization suggests that some RAR subtypes, with the possible exception of RAR,B, are found in the thoracic region (6, 10) .
These data make it difficult to distinguish between two possible mechanisms that might restrict retinoid-mediated gene regulation. In the first, retinoid would be widely available throughout embryos. Spatial and temporal restriction would be accomplished by limited distribution ofreceptors or additional accessory factors (16, 17 ofRARE-tk-,B-gal (7) as described (22). Cells were selected in G418 (400 mg/ml) and duplicate 24-well plates of individual colonies were set up to screen for RA responsiveness. One plate was induced with 0.5 uM RA for 24 hr, and the colonies were fixed and assayed in situ for lacZ expression (22). Positive clones were identified, expanded, recloned, and reconfirmed to be RA responsive. The clone L-C2A5 had the highest level of lacZ induction by RA as judged by f-galactosidase activity in situ.
13-Galactosidase (1acZ) Analysis. L-C2A5 cells were plated at high density on 24-well plates in medium containing complete fetal bovine serum. After the cells became adherent, the medium was replaced with fresh medium containing Abbreviations: RA, retinoic acid; RAR, RA receptor; RARE, RA response element; t-RA, all-trans-RA; E, embryonic day.
serum treated with dextran-coated charcoal to remove endogenous retinoids (23). Cells were incubated overnight and then exposed to either all-trans-RA (t-RA) or 9-cis-RA (generously provided by J. Grippo, Hoffmann-LaRoche). After 24 hr the cultures were lysed in 1% Triton X-100/25 mM glycylglycine/10 mM MgSO4/4 mM EDTA. Protein was measured using Bio-Rad protein assay and f-galactosidase activity was determined as described (24). Transgenic embryos were analyzed for lacZ activity as described (7) (22) and quantitatively by enzymatic assay of lacZ activity. Qualitative response can be distinguished in stained cells by the intensity of the blue color, which increases from a faint but detectable blue at 0.1 nM t-RA to an intense blue that peaks at 10-100 nM (Fig. 1 Upper). The response of the L-C2A5 clone to t-RA was quantitated by assaying for lacZ activity (Fig. 1 Lower) . When cells are treated with 0.1 nM t-RA, levels of induced lacZ are low but above background. Activity increases with increasing concentration of t-RA and reaches a maximum at 100 nM. The effects of local concentrations of t-RA were evaluated by placing individual resin beads loaded with t-RA (25) onto the cell monolayer. Cellular responses (bluestaining cells) could be detected only within a restricted region around the bead with concentrations as low as 1 nM (data not shown); thus the monolayers can localize sources of RA. The response of L-C2A5 cells to 9-cis-RA was also
determined. There appears to be a very steep threshold for induction ofthe lacZgene in these cells by 9-cis-RA. No lacZ activity is detected above background at concentrations of <10 nM by qualitative or quantitative analysis (Fig. 1) . The amount of activity increases sharply at concentrations of 10 nM and peaks at 100 nM. At this concentration, 9-cis-RA induces higher levels of lacZ activity than that induced by t-RA. This response falls off sharply at 1000 nM (Fig. 1 The L-C2A5 cells were then used to detect the presence or absence of RA in embryonic tissues. We evaluated the presence of RA in explants from the cervical, thoracic, and lumbar regions of the spinal cord at E10.5, when the distribution of lacZ activity in the spinal cord is continuous in RA detector mice, and E12.5, when transgene activity is restricted to cervical and lumbar regions. These regions were selected so that we might compare the distribution of RAmediated lacZ activity in transgenic mice with the distribution of RA in corresponding embryonic regions discerned from the L-C2A5 assay. At E10. (unpublished observations) .
The restriction ofthe pattern of lacZ activity to the brachial and lumbar regions of the cord is first apparent at about E12 in transgenic mice ( Fig. 3A; see also ref. 7) . To examine this restriction in greater detail, the spinal cord was dissected whole from transgenic embryos and lacZ expression was examined in situ (Fig. 3B) . Spinal cords were also dissected from nontransgenic embryo at this same age and cocultured on L-C2A5 monolayers (Fig. 3 C and D) . There is little or no lacZ induction by RA in the thoracic area of the transgenic cords or in the L-C2A5 underlying these regions in explants of normal cords. In the L-C2A5 monolayers with explanted cords and in transgenic cords there are foci of lacZ activity in the cervical and lumbar regions. The activity is limited to the adjacent L-C2A5 cells in the explants (Fig. 3 C and D) whereas in the transgenic cords it is in the neuroepithelium itself (Fig. 3B) . Transgene activation seems to be focused in the alar rather than basal regions ofthe cord (Fig. 3 B and C) . The pattern of cellular induction by explants is independent of whether the ventricular surface or the pial surface is in contact with the L-C2A5 cells. Usually, no activity is seen in the floorplate or regions immediately adjacent to it (Fig. 3 C  and D) . We have, however, occasionally observed small patches of focal lacZ activity in L-C2A5 cells under the floor plate region.
DISCUSSION
An unanswered question in the biology of retinoids is whether they are available locally or generally during embryogenesis. RA indicator transgenic mice show temporally and spatially distinct patterns of lacZ activity in the posterior neural tube or spinal cord (7) (8) (9) (10) . Although suggestive, these patterns may be due to local sources of RA or to differential expression of RARs and other accessory factors that may cooperate with receptors (16, 17) . This question cannot be answered unequivocally with these transgenic mice. Thus, the L-C2A5 cell line is a necessary tool to identify sources of retinoids in the developing embryo. It complements and enhances studies in transgenic mice (7) (8) (9) (10) and firmly demonstrates that transgene expression in these mice is coincident with the restricted presence of RA along the anteriorposterior axis of the developing spinal cord.
Our examination of E10.5 spinal cords demonstrates that cervical, thoracic, and lumbar regions show uniform expression of lacZ on L-C2A5 cells. A similar pattern of lacZ expression is seen in whole transgenic embryos at this time. The agreement of the two patterns suggests that RA sources and receptor complexes may be in register. The continuity of lacZ expression along the spinal cord, however, may still reflect widespread availability of RA and more limited availability of RARs. The emergence of spatially discrete expression of lacZ in E12.5 embryos provides the best opportunity to resolve this issue. Explants of the entire spinal cord placed upon L-C2A5 cells induce a pattern of lacZ expression precisely in register with that in the transgenic embryo. This demonstrates that the patterns of RA-mediated transgene activation are due to local sources of retinoid acting upon adjacent targets. Furthermore, the lacZ-positive L-C2A5 cells are found predominantly beneath the alar region of the spinal cord, in contrast to the floor plate, which has been suggested as a major retinoid source (18, 26 (19, 27) . In contrast, 9-cis-RA and didehydro-9-cis-RA bind to RARs and activate transcription as efficiently as t-RA (15) . In fact, the binding affinity of 9-cis-RA to RARs is 20-fold more efficient than that of 9-cis-RA with the retinoid X receptors (RXRs), which bind only this RA isomer (15) . Thus, RARmediated responses in embryonic tissue might be due to a variety of ligands. We see no induction of lacZ activity in L-C2A5 cells using concentrations of 9-cis-RA within the reported binding values for RARs (0.1-1 nM). It is unlikely that catabolism of 9-cis-RA by either cellular RA binding protein I or II is responsible for the lack of induction in these cells because neither binds 9-cis-RA (15) . The (18) (19) (20) as assays for RA suggests that RA can be produced by a variety oftissues. These previous studies did not address the limits ofRA production from region to region in embryos. We have demonstrated that RA sources are exquisitely localized in register with RA-mediated gene activation. This result suggests that induction via retinoids may depend upon spatial localization and temporal coordination of retinoid sources and their receptors in embryos.
